Floral induction in Tulipa gesneriana and Lilium longiflorum is triggered by contrasting temperature conditions, high and low temperature, respectively. In Arabidopsis, the floral integrator FLOWERING LOCUS T (FT), a member of the PEBP (phosphatidyl ethanolamine-binding protein) gene family, is a key player in flowering time control. In this study, one PEBP gene was identified and characterized in lily (LlFT) and three PEBP genes were isolated from tulip (TgFT1, TgFT2 and TgFT3). Overexpression of these genes in Arabidopsis thaliana resulted in an early flowering phenotype for LlFT and TgFT2, but a late flowering phenotype for TgFT1 and TgFT3. Overexpression of LlFT in L. longiflorum also resulted in an early flowering phenotype, confirming its proposed role as a flowering time-controlling gene. The tulip PEBP genes TgFT2 and TgFT3 have a similar expression pattern in tulip, but show opposite effects on the timing of flowering in Arabidopsis. Therefore, the difference between these two proteins was further investigated by interchanging amino acids thought to be important for the FT function. This resulted in the conversion of phenotypes in Arabidopsis upon overexpressing the substituted TgFT2 and TgFT3 genes, revealing the importance of these interchanged amino acid residues. Based on all obtained results, we hypothesize that LlFT is involved in creating meristem competence to flowering-related cues in lily, and TgFT2 is considered to act as a florigen involved in the floral induction in tulip. The function of TgFT3 remains unclear, but, based on our observations and phylogenetic analysis, we propose a bulb-specific function for this gene.
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Introduction
The ornamental geophytes Tulipa gesneriana and Lilium longiflorum are both members of the Liliaceae family (Patterson and Givnish 2002) . Despite this relationship, floral induction in tulip and lily is triggered by contrasting temperature conditions ( Fig. 1A ; Khodorova and Boitel-Conti 2013, Okubo and Sochacki 2013) . During late spring, high ambient temperature induces the transition from the vegetative to the reproductive phase in the daughter bulbs of tulip. This switch is accompanied by the initiation of the floral bud inside the bulb. Around August-September, a fully developed floral bud (stage G, Beijer 1952 ) is present within the bulb and further growth is arrested due to dormancy (Leeggangers et al. 2017) . A period of prolonged low temperature (<10 C) is required to re-activate the development of the floral bud. At the end of winter (February-March) the bulb becomes fully active, resulting in blooming in April-May, depending on the cultivar (Gilford and Rees 1973) . In contrast, the vegetative to reproductive phase change in lily does not occur within the bulb, but rather after shoot elongation and production of several leaves (Roh and Willkins 1977) . In this species, a prolonged period of cold in the bulb stage or during vegetative development is required to fulfill the vernalization requirement of the plant and to induce floral transition (Miller 1993) . Under some conditions and in particular developmental stages, a long-day (LD) photoperiod hastens floral transition in lily (Roh and Willkins 1977 , Miller 1993 , Dole and Wilkins 1994 and may replace cold exposure as a trigger for floral induction (Lazare and Zaccai 2016) . (1) inside the tulip daughter bulbs is triggered by high temperatures in spring and early summer, directly after blooming of the mother bulb, which is completely consumed. Upon completion of floral organ development from the initiated SAM in the daughter bulbs, the established flower bud becomes dormant (2). After a period of low temperatures during winter, the shoot elongates (3) and outgrowth of the flower bud occurs in late winter and spring of the following year, ending with blooming and the formation of full-grown vegetative daughter bulbs (vegetative reproduction) (4), in which the cycle restarts. In L. longiflorum, the shoot first elongates after planting of the bulbs (1), followed by flower initiation, triggered by low temperatures (2) and finally outgrowth of the flower stem resulting in blooming in the summer (3-4). (B) Maximum likelihood tree with PEBP family proteins. Included are FT(Àlike) and TFL1(Àlike) sequences from Arabidopsis thaliana, Oryza sativa, Zea mays, Hordeum vulgare, Beta vulgaris, Populus trichocarpa, Solanum tuberosum, Malus domestica, Allium cepa, Allium sativum, Narcissus tazetta, Crocus sativus, Lilium longiflorum, Lilium spp. and Tulipa gesneriana.
The typical life cycle of lily starts with bulb planting in the autumn (October-November), followed by shoot elongation and leaf development. The plant is then exposed to the low temperatures of winter, which enable the switch of the shoot apical meristem (SAM) to an inflorescence meristem (IM), subsequently developing floral meristems (FMs). These meristems continue their development, and flowering occurs in late spring. Lily flowering time is inversely correlated to the length of cold (2-10 C) exposure, hence off-season blooming can be reached by bulb storage at low temperatures before planting (Roh and Willkins 1977 , Dole and Wilkins 1994 , Holcomb and Berghage 2001 , Lazare and Zaccai 2016 .
In many plant species, such as the model species Arabidopsis thaliana (Arabidopsis) and Oryza sativa (rice), the floral integrator FLOWERING LOCUS T (FT) is a key regulator of flowering time (Komiya et al. 2008 , Turck et al. 2008 . The activity of FT is regulated by both environmental and endogenous signals. In winter accessions of Arabidopsis, the vernalization-responsive gene FLOWERING LOCUS C (FLC) represses FT. After a cold period during which FLC is down-regulated (Sheldon et al. 2006 ) and day length increases, FT is activated in the leaves. The FT protein is transported via the phloem to the SAM, where it interacts with the bZIP transcription factor FD (Jaeger and Wigge 2007) . Based on a study in rice, this protein complex is assumed to contain two FT monomers and two FD bZIP transcription factors, as well as a dimeric 14-3-3 protein acting to bridge the FT-FD interaction (Taoka et al. 2011) . The resulting florigen activation complex (FAC) leads to the direct activation of the floral meristem identity genes APETALA1 (AP1) and FRUITFULL (FUL) in Arabidopsis (Lee and Lee 2010) and OsMADS15, a rice homolog of AP1 (Taoka et al. 2011) . Besides winter cold and long photoperiods, ambient temperature also influences the activity of FT in Arabidopsis. The regulation of this process is not yet fully understood, but several genes, such as PHYTOCHROME INTERACTING FACTOR3 (PIF3), PIF4, FLOWERING LOCUS M (FLM) and TERMINAL FLOWER1 (TFL1), have been identified as temperature-responsive genes and as acting at least partially on flowering via FT (Hanano and Goto 2011 , Thines et al. 2014 , Verhage et al. 2014 .
FT is a member of the phosphatidyl ethanolamine-binding protein (PEBP) gene family and besides FT, five additional genes have been identified as members of this family in Arabidopsis. These members are TWIN SISTER OF FT (TSF), BROTHER OF FT (BFT), MOTHER OF FT (MFT), ARABIDOPSIS THALIANA CENTRORADIALIS (ATC) and TERMINAL FLOWER 1 (TFL1). The three PEBP genes FT, TSF and MFT, are floral activators, while TFL1, ATC and BFT can act as floral repressors (Yoo et al. 2004 , Huang et al. 2012 . All members of this family contain a PEBP domain as a characteristic and common feature. Detailed molecular and biochemical studies revealed that functioning as a repressor or an activator of flowering is at least partially determined by several unique amino acid residues in the protein sequence (Hanzawa et al. 2005 , Ahn et al. 2006 Ho and Weigel 2014) . Floral activators such as FT contain a tyrosine (Y) at position 85, while floral repressors contain a histidine (H) at the analogous position 88 (Hanzawa et al. 2005) . Amino acid residues at position 140 can also affect the function of the protein. For the activator FT, a glutamic acid (Q) is present at position 140 and for the repressors an aspartate (D) is positioned at the same analogous position (Ahn et al. 2006) .
Besides functioning as activators or repressors of flowering, members of the PEBP family are also involved in a variety of other processes (Wickland and Hanzawa 2015) . In perennial species, FT-like or TFL1-like genes have been linked to the regulation of growth cessation, better known as dormancy. For example, in Picea abies (Norway spruce), PaFTL2, an FT/TFL1-like gene, determines bud set as well as growth cessation (Karlgren et al. 2013) . Additionally, in Actinidia spp. (kiwifruit), FT and CEN have been shown to be involved in the regulation of growth cessation, through the integration of developmental and environmental signals (Varkonyi-Gasic et al. 2013) . Another organ in which FT-like genes are expressed is the fruit. In Ficus carica (fig), FcFT1 is regulated by light and probably plays a role in fruit set (Ikegami et al. 2013) . Even within Arabidopsis, FT is not only involved in flowering time control at the SAM, but is, for example, also involved in the outgrowth of axillary meristems (branching). In relation to this specific function, the FT protein interacts with the key regulator of axillary meristem outgrowth BRANCHED1/TEOSINTE BRANCHED1-LIKE 1 (BRC1) (Hiraoka et al. 2013 ). All together this shows the importance of the PEBP gene family in plant development processes and the vast diversity in functions of the encoded FTlike proteins.
In addition to these studies on individual PEBP genes, the complete PEBP family has been investigated in a few fully sequenced plant species. For example, in Glycine max (soybean), 23 PEBP genes were identified (Wang et al. 2015) , four times as many as in Arabidopsis. Within this family GmFT2a and GmFT5a control flowering time in a photoperiod-regulated manner, similar to Arabidopsis FT (Nan et al. 2014 ). In the model monocotyledonous species rice, 19 PEBP genes were identified, of which Heading date 3a (Hd3a) and RICE FLOWERING LOCUS T 1 (RFT1) are the most studied members (Chardon and Damerval 2005) . Hd3a is the key player in the activation of flowering in rice under short-day (SD) conditions. RFT1, the closest homolog of Hd3a, may function as an auxiliary to Hd3a in controlling flowering time when Hd3a is repressed (Komiya et al. 2008) . In Zea mays (maize), a total of 24 PEBP genes were identified (Danilevskaya et al. 2008) . Among those, only ZCN8 seems to possess the characteristics for protein movement from the leaves to the SAM and might therefore be the FT-like protein similar to Arabidopsis FT (Meng et al. 2011) .
Also in non-model monocotyledonous species, several FT and TFL1-like genes have been identified. In Narcissus tazetta (daffodil), the FT homolog NFT was shown to be responsive to heat, and its transcript correlates with floral induction independently of photoperiod and vernalization (Li et al. 2013 , NoyPorat et al. 2013 . In addition to NFT, seven FT-like genes were identified in the bulbous species Allium cepa (onion). AcFT2 appears to promote flowering time in response to temperature and to photoperiod (Lee et al. 2013) . Surprisingly, AcFT1 and AcFT4 have been shown to be involved in bulbing, with AcFT1 acting as a promoter and AcFT4 as an inhibitor of this process (Lee et al. 2013 , Manoharan et al. 2016 .
In this study, we aimed to identify and characterize specific PEBP genes from the ornamental geophytes T. gesneriana and L. longiflorum, and to study their potential biological functions, with a focus on flowering time control. Three genes from the PEBP family were identified in tulip (TgFT1, TgFT2 and TgFT3) and one in lily (LlFT; Villacorta-Martin et al. 2015) . The expression pattern of the four identified genes was determined, and functional characterization was performed to reveal the potential role of these PEBP genes in flowering time control of tulip and lily.
Results
Identification and phylogenetic analysis of tulip and lily PEBP genes Lilium longiflorum (lily) and Tulipa gesneriana (tulip) represent bulbous plant species each with their own characteristic life cycle (Fig. 1A) . We aimed at the identification of potential key flowering time regulators in these bulbous species and focused our research on the PEBP gene family. FT is one of the most studied PEBP genes and was identified in many plant species, varying from the monocotyledonous species O. sativa to the perennial Populus spp. (Kojima et al. 2002 , Hsu et al. 2011 ). The first FT-like gene described in a bulbous species was NFT in N. tazetta, in which it is supposedly involved in the floral induction triggered by heat (Noy-Porat et al. 2013) . Soon thereafter, six FT-like genes were identified in A. cepa where they contribute to the promotion of flowering, and promotion or repression of bulbing (Lee et al. 2013) . The most recently discovered FT-like genes in bulbous species were four FT orthologs in Allium sativum (garlic) and one FT-like in L. longiflorum (Kamenetsky et al. 2015 , Villacorta-Martin et al. 2015 . The FTlike gene identified in L. longiflorum, named LlFT, is further characterized in this study.
For the identification of FT-like genes in tulip, the protein sequences of the six PEBP family members of Arabidopsis thaliana were used for the BLAST search in the tulip transcriptome database (Moreno-Pachon et al. 2016 ). This investigation resulted in the identification of three putative FT-like genes in tulip, designated with the names TgFT1, TgFT2 and TgFT3. In addition, TgTFL1 was added to the phylogenetic analysis, which was recently identified and functionally characterized (Leeggangers et al. 2017) . A maximum likelihood tree was constructed with amino acid sequences obtained from several monocotyledonous (e.g. rice, maize and onion) and dicotyledonous species (Fig. 1B) .
In the constructed tree, four FT-like clades and one TFL1-like clade could be distinguished. The FT-like Ia clade contains TgFT1 and TgFT2 from tulip, as well as AtFT and AtTSF from Arabidopsis. Furthermore, additional bulbous FT-like sequences are present in this clade which, based on phylogenetic classification, are hypothesized to act as FT. Several other monocot FT-like proteins, including LlFT and a few eudicot FT-like proteins are present in FT-like clade Ib. Other functionally characterized FT-like proteins present in this clade are the antagonistically functioning FT proteins of Beta vulgaris (sugar beet, BvFT1 and BvFT2; Pin et al. 2010) , the flowering time regulators Hd3a and RFT1 from rice (Komiya et al. 2008 ) and the tuberization-controlling protein StSP6A of Solanum tuberosum (potato; Navarro et al. 2011) . Remarkably, the FT-like II clade represents FT-like proteins of bulbous species only, including TgFT3 of tulip. In FT-like clade III, the bulbing-controlling AcFT4 of onion is present and it is highly homologous to an FT sequence identified in the RNA sequencing data described in the study of Kamenetsky et al. (2015) on garlic, designated as AsFT4. Other closely related sequences within this clade are from barley and maize. In the TFL1-like clade, all TFL1 and CENTRORADIALIS (CEN) proteins are present. It appears that garlic probably has two TFL1-like sequences, here designated as AsTFL1-like1 and AsTFL1-like2. Nevertheless, functional analysis is required to confirm their function as potential flowering repressors in garlic. Furthermore, the two bulbous proteins TgTFL1 and CsTFL1-like are closely related, together with HvTFL1-like from barley and RCN from rice. This analysis shows that to date the identified bulbous PEBP family sequences are scattered through the maximum likelihood tree and therefore probably have diversified their function, as, for example, previously shown for AcFT4, which appeared to be involved in bulbing (Lee et al. 2013 ).
Sequence analysis of selected PEBP family proteins in lily and tulip
For further prediction of the possible function of FT in lily and tulip, the translated cDNA sequence of the selected FT-like genes was compared with that of FT, TSF and TFL1 of Arabidopsis as well as Hd3A, RFT1 and RCN1 of rice, and TgTFL1 of tulip (Leeggangers et al. 2017 ; Fig. 2A ). The lily LlFT sequence was approximately 65% similar to AtFT and AtTSF, and 70% similar to Hd3a and RFT1 ( Fig. 2A) . In contrast, the similarity of LlFT to AtTFL1, RCN1 and TgTFL1 was only approximately 50%. Low percentages of similarity to TFL1 and TFL1-like sequences were also observed for all three tulip PEBP family proteins, showing that the four identified sequences (LlFT and TgFT1-TghFT3) are more similar to FT than to TFL1. Based on sequence identity, the TgFT1 protein was most similar to AtFT (75%), whereas TgFT2 (67%) and TgFT3 (55%) showed lower percentages of similarity to AtFT. However, in comparison with Hd3a and RFT1 from monocot species, TgFT2 ($74%) and TgFT1 ($73%) were more similar to these sequences than TgFT3 ($50%). Remarkably, TgFT3 has a low percentage of similarity to both FT-like and TFL1-like proteins.
Several amino acids are known to be important for the specific and unique FT and TFL1 functions in Arabidopsis (Hanzawa et al. 2005 , Ahn et al. 2006 , Ho and Weigel 2014 . The tyrosine (Y) at position 85 in AtFT and the histidene (H) at position 88 in AtTFL1 are critical for their function (Hanzawa et al. 2005) . As shown in Fig. 2A , the lily LlFT protein and all three tulip PEBP family proteins identified in this study contain a tyrosine (Y) at this position. This suggests a possible FT The black, white and gray shading represents the different groups of amino acids as described by Taylor (1986) . Amino acids in red are targeted by mutagenesis. The numbers indicate important positions in the protein sequence that are known or suspected to be involved in transport (1) and the binding surface of 14-3-3 protein (2). (B) Gene expression analysis of LlFT (top panel, left) in lily SAM inside the bulb before planting (Preplanting) and in the SAM or leaves of plants at the vegetative stage (VEG) after planting, under different vernalization and photoperiod conditions. 0 W, bulbs stored at 25 C pre-planting; 9 W, bulbs exposed to 4 C during the pre-planting storage for 9 weeks. SD, LD, short-day and long-day conditions, respectively, in the period after planting. Non-vernalized plants did not flower. In vernalized plants, flowering (visible bud stage) occurred after planting under both SD and LD conditions, but after the sampling date for the expression study. Hence, plants at the moment of sampling were still at the vegetative stage. Gene expression analysis of tulip TgFT1 (top panel, right), TgFT2 (bottom panel, left) and TgFT3 (bottom panel, right) in different organs of the mother bulb during the annual growth cycle. In January and February, the shoot and leaves are still below ground. Note that the central SAM is already reproductive. In March till May, the tulip is above ground and flowering (April), after which the main daughter bulb gets a boost of growth and makes the transition from vegetative to reproductive development under control of warm temperatures (Leeggangers et al. 2017) . Tepals, stamens and carpels were harvested from full-grown open flowers of the mother bulb in May.
function for all four studied PEBP family proteins. In addition, the glutamine (Q) at position 140 in AtFT and the aspartate (D) at position 144 in AtTFL1 are functional residues in segment B (Ahn et al. 2006 ). Segment B is located at the C-terminus of the protein, which is easily accessible and exposes an external loop in the 3D structure available for potential interactions. In previous studies, this segment is described as invariable in FT orthologs, but in TFL1 orthologs this segment changes rapidly (Ahn et al. 2006) . In TgFT3, several substitutions are present in this segment of the protein. This includes the important amino acid glutamine (Q), which is substituted by proline (P) at position 137. Further along the protein, next to segment B, another important segment is located (Ahn et al. 2006) . In this segment, C, several differences between TgFT3 and the other FT/TFL1-like sequences are present, especially at the end of the C-terminus.
Besides the functional residues and segments, there are several amino acids found to be important for transport capabilities of FT through the phloem and amino acids that are important for the connection to ligands and other proteins, such as 14-3-3 s (Banfield et al. 1998 , Taoka et al. 2011 , Ho and Weigel 2014 . In the study of Ho and Weigel (2014) , two amino acids were identified as likely to have a role in the transport of FT. When mutating Asp17 and Val18 in SUC2 promotor-driven mutants, the mobility of FT was affected. It was suggested that these two amino acids are important for the interaction with proteins such as FT-INTERACTING PROTEIN (Liu et al. 2012 ). In the identified PEBP family proteins of lily and tulip, these amino acids are not substituted. Further down, the protein sequence is the conserved ligand-binding pocket motif (Asp-Pro-Asp-X-Pro) of PEBP family proteins. The first proline (P) at position 68 is substituted by alanine (A) in TgFT3 ( Fig.  2A) . Just in front of this ligand-binding pocket motif, together with another amino acid within segment B, are amino acids important for the binding to 14-3-3 proteins. In the protein sequence of Hd3a at positions 64 and 132, an arginine (R) can be found, which are important amino acids for the formation of salt bridges between Hd3a and the 14-3-3 protein GF14c (Taoka et al. 2011) . The majority of the other protein sequences in the alignment show an arginine (R) at this position ( Fig. 2A) . However, TgFT1 has a glycine (G) at position 61 and TgFT3 has a glutamine (Q) at position 126 instead of an arginiune (R). These substitutions might affect the binding of a 14-3-3 protein to TgFT1 and TgFT3. Nevertheless, further experimentation is required to confirm the consequence of these substitutions. Taken together, LlFT and TgFT2 are very similar to FT-like proteins, whereas TgFT1 and TgFT3 differ by certain features of the protein sequence from canonical FT proteins such as AtFT (Fig. 1B) . Nevertheless, TgFT1 and TgFT3 still contain essential amino acids for FT function, such as tyrosine (Y) at position 84 in TgFT1 and position 81 in TgFT3.
Expression analysis of lily and tulip PEBP genes
Lily and tulip respond to different temperature conditions, allowing the transition from the vegetative to the reproductive phase (Fig. 1A) . To investigate further the role of the identified lily and tulip PEBP family genes and their potential function in flowering control, the expression pattern of these genes was determined during the growth cycle (Fig. 2B) .
In lily, LlFT expression was up-regulated in the apical bulb meristem by cold exposure (9 weeks at 4 C) during storage of the bulbs before planting ( Fig. 2B; Supplementary Fig. S1B ). However, after planting, this effect was diminished in the vegetative meristem, where LlFT expression was even higher in meristems of plants developing from non-cooled bulbs. (Fig. 2B;  Supplementary Fig. S1B ). LlFT was up-regulated by LDs in the leaves but not in the meristems. Generally, the level of gene expression was much lower in the leaves than in the meristems. The three tulip PEBP genes were expressed more or less from the start of shoot elongation onwards in early spring ( Fig. 2B; Supplementary Fig. S1A ). TgFT1 is expressed in the stem, leaves and flower at the moment of blooming in May, when these organs are already completely developed (Fig. 2B) . Dissecting the flower at blooming time revealed that TgFT1 was expressed in all floral organs. TgFT2 and TgFT3 expression was initiated earlier and increased in the stem and the leaves during rapid shoot elongation (Fig. 2B) . TgFT2 was also expressed in the flower at blooming time in May, which is comparable with TgFT1. Within the flower, the expression of TgFT2 was low in the stamens but high in the tepals.
Functional characterization of LlFT in A. thaliana and L. longiflorum
The potential role of LlFT in flowering time was further investigated by heterologous expression of LlFT in Arabidopsis and overexpression of LlFT in L. longiflorum. When overexpressing LlFT in Arabidopsis [confirmed by quantitative reverse transcription-PCR (qRT-PCR); Supplementary Fig. S2A ], a mild early flowering phenotype was observed. Nevertheless, a significant reduction in the time to flowering and in the number of leaves formed at bolting time was observed in both transgenic lines compared with the wild type Col-0 (Fig. 3A-C) . In addition, lily plants (n = 2) transformed with 35S:LlFT grown from scales under non-inductive conditions of temperature and photoperiod, flowered 8.9 and 9.8 months after planting and developed 45 and 50 leaves, respectively (Fig. 3D, left) . Under these conditions, non-transgenic control L. longiflorum plants did not switch to the reproductive phase but remained vegetative (Fig. 3D, right) . Thus, LlFT has the potential to be an inducer of the floral transition in L. longiflorum.
Functional characterization of TgFT1, TgFT2 and TgFT3 in A. thaliana Unfortunately, stable transformation in tulip is laborious and very inefficient (Wilmink et al. 1992) . Therefore functional analysis of the three identified tulip PEBP family genes was performed in the model dicotyledonous species Arabidopsis. Constitutive overexpression lines were created and analyzed for flowering time. For each gene, two independent transgenic lines were selected for the screening. Ectopic expression of the FT-like genes in these lines was confirmed by qRT-PCR ( Supplementary Fig. S2B-D) . Upon overexpression of TgFT1 and TgFT3, a slight but significant delay in flowering time is observed (Fig. 4A-C, G-I ). Besides this mild flowering time phenotype, no obvious phenotypic changes were observed. In contrast, overexpression of TgFT2 resulted in very early flowering with a significant reduction of leaf number and days to flowering in comparison with the wild type Col-0 (Fig. 4D-F) . Thus, TgFT2 seems to be a positive regulator of flowering, while TgFT1 and TgFT3 may act as negative regulators of flowering in tulip or fulfill a function not related to flowering.
Protein-protein interaction capacity of the lily and tulip PEBP family proteins
Overexpression of lily LlFT and tulip TgFT2 resulted in an early flowering phenotype, suggesting that these bulbous plant FT proteins can interact with the bZIP transcription factor AtFD from Arabidopsis. This hypothesis was tested by yeast twohybrid analyses (Fig. 5A) . Both LlFT and TgFT2 were able to interact with AtFD and AtFD PARALOG (AtFDP), confirming our hypothesis that these two proteins can act as AtFT and providing an explanation for the early flowering phenotype observed in Arabidopsis. Note, however, that AtTFL1 also interacts with AtFD and AtFDP , Wigge et al. 2005 ). In addition, TgFT1 was also able to interact with both AtFD and AtFDP, but its ectopic expression did not result in early flowering. In contrast, TgFT3 did not interact with AtFD or AtFDP in yeast. Besides bZIP transcription factors, AtFT is able to interact with specific members of the TCP family (Taoka et al. 2013) , and this unique interaction pattern can be used to distinguish FT from TFL. All 24 members of the Arabidopsis TCP family were tested for interaction with the lily and tulip PEBP family proteins ( Fig. 5B; Supplementary Fig. S3 ). The lily FT-like protein LlFT appeared to interact with AtTCP3, AtTCP8, AtTCP14, AtTCP15, AtTCP16, AtTCP18, AtTCP20 and AtTCP23. It is noteworthy that TgFT1 is able to interact with almost all members of the TCP family, except for AtTCP2, AtTCP6 and AtTCP8. When comparing the interaction pattern of TgFT1 with AtTSF, there is a large overlap. For example, AtTSF is able to interact with AtTCP5, TCP9 and TCP10, just like TgFT1, while AtFT does not interact with these specific TCP proteins. TgFT2 appeared to be the most similar protein to AtFT in terms of interaction pattern. In the case of TgFT3, a limited number of interactions was observed (AtTCP14, AtTCP16, AtTCP18, AtTCP20, AtTCP22 and AtTCP23). Thus, the yeast two-hybrid assays revealed differentiation in protein-protein interaction capacity within the tulip PEBP family, suggesting different biological functions. Nevertheless, we have to be careful with the interpretation, because negative results in a heterologous yeast twohybrid screening might not reflect lack of interaction under native conditions and with the native proteins. Interactions may be missed due to species-specific co-evolution of FT-like proteins and their unique interactors.
Conversion of TgFT2 and TgFT3 function
TgFT2 induced early flowering in Arabidopsis upon ectopic expression, while TgFT3 weakly repressed the floral transition (Fig. 4) . In addition, the protein-protein interaction profile of TgFT2 and TgFT3 varied to a large extent (Fig. 5) . Nevertheless, their expression patterns overlap during development in tulip, with the exception that TgFT2 is expressed in the flower until May (Fig. 2B) . To investigate which amino acid difference might be responsible for the differences in functioning between TgFT2 and TgFT3, substitution lines were created based on native differences in conserved domains between these two PEBP family proteins. L128E and Q140P substitutions were generated in TgFT2 and the complementary E125L and P137Q substitutions were made in TgFT3. These particular positions in the protein are known to be critical for FT function in Arabidopsis (Ho and Weigel 2014) . For both substitutions, overexpression lines were created and flowering time was determined in the obtained 35S:TgFT2(L128E/Q140P) and 35S:TgFT3(E125L/P137Q) transgenic lines (Fig. 5) . When overexpressing TgFT2 with L128E and Q140P substituted, the plants flowered later than the wild type (Fig. 6A-C) , in contrast to the early flowering observed upon ectopic expression of the native TgFT2 (Fig. 4) . Overexpression of TgFT3 with E125L and P137Q substituted resulted in earlier flowering than the wild type for one of the analyzed lines (Fig. 6D-F) , whereas the native TgFT3 protein represses flowering in Arabidopsis. Nevertheless, both lines were flowering significantly earlier in comparison with the native TgFT3 overexpression lines. To obtain more insight into the molecular reason for this observed functional switch, yeast two-hybrid assays were performed. Remarkably, despite a different functioning of the mutated proteins in Arabidopsis upon ectopic expression, their heterologous interaction with selected Arabidopsis proteins did not change ( Supplementary Fig. S3 ).
Predicted protein structure of TgFT2 and TgFT3
The lack of changes in protein-protein interactions for the substituted TgFT2 and TgFT3 proteins raised the question of whether TgFT2 and TgFT3 may differ in 3D structure and properties of motifs not involved in the analyzed protein-protein interactions. Therefore, the structures of both TgFT2 and TgFT3 proteins were predicted using homology modeling (Fig. 7) . The resulting structure models indicate that the two substituted residues (L128 and Q140) do not map close to the interface of FT, which is important for the interaction with the bZIP proteins FD/FDP that is bridged by 14-3-3 proteins (Taoka et al. 2013 ). This suggests that the FAC can still be formed to activate the FM identity genes . Both modified residues are, however, located at the surface of the FT-like protein and therefore could potentially be involved in interaction with an unknown ligand or cofactor.
Discussion
The floral integrator FT, a member of the PEBP gene family, is one of the most studied genes in the control of flowering time. The single asterisk indicates a significant difference with a P-value of 0.05, the double asterisk a P-value of 0.01 and the triple asterisk a P-value of 0.001. Error bars indicate the standard deviation.
FT-like genes have been identified in many plant species, varying from the biofuel plant Jatropha curcas to the evergreen conifer Pinus sylvestris (Scots pine; Avia et al. 2014 . In this study, we focused on four PEBP genes from bulbous plants, one from L. longiflorum and three from T. gesneriana. We described them and functionally characterized them in Arabidopsis and, in one case also, in L. longiflorum. Based on phylogeny, the lily LlFT and the tulip TgFT1 and TgFT2 can be classified as FT-like proteins, while the tulip TgFT3 shared a weaker similarity ($50%) with AtFT, Hd3a and RFT1. Consequently, TgFT3 grouped in another FT-like subclade that consisted of bulbous plant PEBP family proteins only. This classification and the importance of specific conserved amino acid residues is further discussed in view of the potential role of these proteins in bulbous species, with a special focus on flowering time control.
The power of amino acid substitutions in TgFT2 and TgFT3 and their change in function
Several studies have focused on exchanging amino acids between FT and TFL1 to convert their flowering-activating and -repressing functions, respectively. Additionally, random mutagenesis of conserved amino acids shed light on important amino acid residues and domains in these PEBP family proteins (Hanzawa et al. 2005, Ho and Weigel 2014) . In this study, we exchanged conserved amino acids, known to be important for the FT function in flowering, and amino acids that are naturally divergent between TgFT2 and TgFT3. In the study of Ho and Weigel (2014) , it was shown that changing Leu128 into a charged lysine in the AtFT protein resulted in a late flowering phenotype upon overexpression, mimicking weak TFL1 activity. TgFT2 with L128E substituted also undergoes a change from a hydrophobic to a charged residue, which in combination with the Gln140 to lysine substitution led to a late flowering phenotype upon ectopic expression in Arabidopsis. The two substituted amino acid residues are close to a binding pocket, which, based on findings in non-plant species, is thought to be important for the binding of anions, phosphate groups and phospholipids. Both TgFT2 and TgFT3 have Y85 in this pocket, but only TgFT2 contains Q140, while TgFT3 has a proline at the analogous position. This change might affect the binding pocket and therefore also the binding of the cofactor. Previously, it has been suggested that the TCP family of transcription factors are candidates for mediating differential activity of FT and TFL1, because of specific differential interactions of FT and TFL1 with TCP family proteins (Ho and Weigel 2014) . Tulip TgFT2 and TgFT3 indeed have very different interaction patterns with Arabidopsis TCPs; however, these interactions were not changed upon the amino acid substitutions. Similar observations with mutations at analogous positions have been shown by Ho and Weigel (2014) . Hence, the complex formation with TCPs seems not to make a functional difference in this particular case. This still leaves open the option of differential interactions with other cofactors. Nakamura and colleagues (2014) revealed that FT can interact with the phospholipid phosphatidylcholine (PC). The increase in PC levels accelerates flowering, while a decrease in PC levels suppresses flowering (Nakamura et al. 2014) . Based on the position of the mutations in the two tulip proteins, it is tempting to speculate that interactions with phospholipids are impaired in TgFT3 and TgFT2(L128E/Q140P), causing the differential flowering time response.
Possible functions of FT-like proteins in lily and tulip
LlFT. In lily, LlFT is noticeably up-regulated by cold exposure. Overexpression in transgenic lily led to flowering under noninductive conditions, no cold and SDs. Under these conditions, wild-type plants produce a large number of leaves but do not flower (Lugassi-Ben Hamo et al. 2015, Lazare and Zaccai 2016) . These results hint at the involvement of LlFT in the vernalization response of lily and show that this protein is able to substitute for cold exposure. LlFT may even act as a major regulator of flowering within the vernalization pathway as reported for BvFT2 in sugar beet (Pin and Nilsson 2012) , PtFT1 in poplar (Hsu et al. 2011) and AcFT2 in onion (Lee et al. 2013) .
On the other hand, LlFT expression was lower in meristems of plants developing from cooled bulbs than in meristems of plants developing from non-cooled bulbs. As plants from noncooled bulbs will remain vegetative and plants from cooled bulbs will flower, the difference between these two groups is the competence of their meristem to flower. Moreover, LlFT expression decreases even further in the meristem at the floral transition stage and in small flower buds (Mazor 2015) . It is therefore tempting to assume that LlFT is involved in generating meristem competence for flowering-inducing signals during vernalization (and its overexpression was enough to confer flowering competence without vernalization), but that it does not act as a flowering inducer afterwards. In line with this, LlFT expression declines when the meristem approaches the reproductive stage. In this sense, LlFT may be compared with PtFT2 from poplar, found to promote vegetative growth (Hsu et al. 2011 ) and proposed to be involved in creating meristem competence for flowering signals as well (Pin and Nilsson 2012) . Furthermore, PtFT2 controls dormancy in poplar (Hsu et al. 2011) . This makes LlFT and PtFT2 interesting candidates to investigate the somewhat overlapping mechanism of vernalization and dormancy break (Brunner et al. 2014) .
LlFT was able to interact with AtFD and AtFDP, and, consequently, transgenic Arabidopsis lines overexpressing LlFT showed an early flowering phenotype. However, this phenotype was rather mild, which is in line with the assumed role of LlFT in the vernalization response rather than acting as a true 'florigen' protein. It is reasonable to assume that additional FT-like genes in lily will have other functions, including flowering induction.
TgFT1 and TgFT2. In the FT-like Ia subclade, which contains the Arabidopsis 'florigen' proteins AtFT and AtTSF, two tulip proteins were found, TgFT1 and TgFT2. This subclade also included the onion AcFT2 protein, which was shown to act as a flowering inducer (Lee et al. 2013) . Furthermore, the garlic AsFT2 protein is present in this clade and expression analysis for the gene encoding this protein revealed a perfect correlation with flowering initiation (Shalom et al. 2015) . Altogether, these findings strongly support the functioning of TgFT1 and TgFT2 as flowering inducers in tulip; however, as will be discussed later, this may not be the true function of TgFT1. For both these tulip FT-like genes, an increase in expression was detected in the vegetative organs during plant development, culminating in May, when floral induction is initiated in the daughter bulbs (De Hertogh and Le Nard 1993, Leeggangers et al. 2017) . For TgFT2, the hypothesized role in flowering induction is further supported by the strong early flowering phenotype observed in the transgenic Arabidopsis plants overexpressing TgFT2 and the interaction of TgFT2 with both AtFD and AtFDP. Hence, we suggest that TgFT2 acts as a flowering enhancer. Surprisingly, ectopic expression of TgFT1 in Arabidopsis resulted in a mild, but significant, delay in flowering. This result suggests that TgFT1 is either a floral repressor or has another function in tulip. When taking the expression pattern of TgFT1 into account, flowering is already occurring when TgFT1 is still expressed. Therefore, a function in, for example, seed set or senescence would be more likely. However, we want to make a cautionary note that heterologous functional characterization by expressing genes in another plant species can produce the wrong conclusions. In Pyrus communis (pear), two FT-like genes were identified, PcFT1 and PcFT2 (Freiman et al. 2015) , with a high percentage of sequence similarity, but different temporal expression patterns. Overexpression of PcFT2 in Nicotiana (tobacco) induced early flowering, while overexpression in Malus domestica (apple) caused a delay in senescence. Like tobacco and apple, which represent an annual and perennial species, respectively, Arabidopsis and tulip have a different life history and probably not exactly the same regulation of flowering. Therefore, more research is required to pin-point the exact function of TgFT1 in tulip.
The tulip TgFT1 and TgFT2 genes are also expressed in the flower organs, suggesting a possible role in flower maturation even at later stages. It could be that their expression delays senescence, as shown for PcFT2 (Kotoda et al. 2010 , Freiman et al. 2015 . FT-like gene expression has also been observed during florogenesis in the bulbous species Narcissus (NoyPorat et al. 2013), and in flowers and fruits in apple (Kotoda et al. 2010) . Furthermore, in Arabidopsis it was suggested that high FT expression after the initial induction of the reproductive phase and during inflorescence development prevents a reversion to the vegetative stage . In order to identify a possible function associated with the 'late' flower expression of these two tulip FT-like genes, additional functional studies are needed.
TgFT3. The tulip TgFT3 protein is part of the subclade 'FTlike II' that contains solely proteins from geophytes. As observed in this study for TgFT3, overexpression of the onion AcFT3 and AcFT5 from this specific subclade resulted in a delay of flowering time in Arabidopsis. How TgFT3 can act as repressor of flowering in Arabidopsis is not clear. A possibility, based on the similarity of expression pattern, is that both TgFT2 and TgFT3 can be transported from the leaves to the SAM of the reproductive organs of tulip, the daughter bulbs. In this case, TgFT3 is thoughty to act antagonistically with TgFT2 in tulip floral induction. A similar antagonistic functioning of FT-like proteins has been reported for other biennial and perennial Fig. 7 Predicted protein structure of TgFT2 (A) and TgFT3 (B). Mutated residues are indicated, as is the interface for interaction with 14-3-3 proteins, which bridge the interaction with the bZIP transcription factor FD. species, such as BvFT1 and BvFT2 in sugar beet (Pin and Nilsson 2012) , FT1 and FT2 in poplar (Hsu et al. 2011 ) and DlFT1-3 in Dimocarpus longan (longan; (Heller et al. 2014) . Based on these observations, it seems that this balancing activity between two counteracting FT-like proteins, 'florigen' and 'antiflorigen' (Putterill and Varkonyi-Gasic 2016) , is a specific characteristic of biennial and perennial species. In any case, further functional and more detailed expression studies are essential to prove that TgFT3 indeed acts as a repressor of the floral transition in tulip in competition with TgFT2 or that it possesses a completely different and probably bulb-specific function.
In contrast to LlFT, TgFT1 and TgFT2, TgFT3 was not able to interact with either AtFD or AtFDP. However, AtBRC1 (TCP18) interacts with TgFT3 in the two-hybrid assay. In Arabidopsis, AtFT is able to interact with AtBRC1, which results in a delay of the floral transition in the axillary meristem (Poza-Carrión et al. 2007) . Axillary meristems in tulips are the initials of daughter bulbs and, in light of this and the phylogenetic positioning of TgFT3, this protein might play a role in vegetative reproduction and the formation of daughter bulbs.
In general, tulip cultivars only have one flower, but multiflowered cultivars (e.g. cultivar Tricolette) also exist. In the multiflowered cultivars with only one stem, additional flowers appear at the floral stem when the apical bud is blooming ( Supplementary Fig. S4 ). As TgFT3 is expressed in the stem just before and during blooming, it is tempting to suggest that it prevents the formation or growth of 'axillary' floral buds. However, all the above is too speculative to draw any conclusion on the role of TgFT3 in the tulip life cycle and reproduction process.
Diversification of PEBP functions in bulbous and other plant species
As FT-like genes are characterized in an increasing number of plant species, it becomes obvious that these genes are involved in an array of functions, additional to the important role of being part of the 'florigen'. For example, StSP6A from potato controls tuberization (Navarro et al. 2011 ) and this activity is counteracted by StSP5G (Navarro et al. 2015 , Abelenda et al. 2016 . Furthermore, AcFT1 and AcFT4 from onion control bulbing in a similar counteracting manner (Lee et al. 2013) . In geophytes, the storage structure is actively involved in reproduction. It contains the vegetative reproduction organs and it serves as an energy source for flowering and sexual reproduction. Therefore, this group of plants is particularly interesting as they can reveal the diverse functions of FT-like genes within the same structure, the bulb. By their distribution over the phylogenetic tree in different clades with divergent PEBP family proteins from other species, the four PEBP genes of lily and tulip analyzed in this study illustrate the vast diversification of the FT-like genes. Essentially, tulip TgFT2 might be considered as the 'florigen', acting on the switch from vegetative to reproductive stages. On the other hand, the lily LlFT was clearly associated with the vernalization response of the plant. It is interesting to relate this discrepancy in FT functions to the basic difference in the flowering physiology of both species. In tulip, floral transition occurs within the bulb and is induced by high temperatures, as in many other geophytes (Kamenetsky and Okubo 2012) , including daffodil (Noy-Porat et al. 2013 ) and saffron (Tsaftaris et al. 2012) . On the other hand, the meristem in L. longiflorum bulb is vegetative, and floral transition, occurring on the stem after planting, is induced by low temperature. In lily, winter cold (vernalization) is the main environmental factor affecting flowering. In this context, the FT genes appear to function at critical developmental phases in both geophytes: in lily, LlFT would induce the meristem competence to flower during essential cold exposure, while in tulip TgFT2 would function during increasing temperatures to induce floral transition. An overview of FT-like genes identified in tulip and lily and their hypothesized role during plant development is given in Fig. 8 . These results illustrate the tendency of FT genes to 'specialize' in the process of flowering control, within the framework of the plant's specific developmental features.
Materials and Methods

Plant material and growth conditions
Tulipa gesneriana cv. 'Dynasty' bulbs (size 10/11) were planted early in November 2012 in the field at Wageningen University (51.9667 N, 5.6667 E) . Material from the stem, leaves, scales and floral buds were collected every 3 weeks from January 2013 until May 2013 in three biological replicates, each containing tissues collected from five bulbs. Samples were always collected in the morning. Each sample was ground and homogenized by the use of liquid nitrogen, a mortar and pestle, and subsequently stored at -70 C until use. Lilium longiflorum cv. 'White Heaven' bulbs (size 12-16) were purchased from a commercial nursery in August 2014. After sanitation, bulbs were stored in a moist medium mixture of peat and vermiculite (1 : 1, v/v) at 25 C or at 4 C (cold treatment) in the dark until planting in November 2014 in a temperature-controlled glasshouse, with a costant average temperature of 24.4 ± 2.2 C. LD (16/8 h light/dark) or SD (8/16 h light/dark) conditions during growth were achieved using an automatic system of curtains and day extension (for LDs) with incandescent light bulbs, in different chambers. Apical meristems and leaves were collected after planting under the different conditions during growth. The vegetative developmental stage of the SAM was validated by observation under a Leica M125 stereo microscope.
Arabidopsis seeds were stratified for 2-3 d at 4 C and plants were grown under LD conditions (16/8 h light/dark) at 20-23 C in 5 Â 5 cm pots with soil or on Rockwool. For Arabidopsis lines transformed with constructs containing tulip PEBP genes, two independent segregating transgenic lines (3 : 1 ratio) of each construct were selected and of each line 30-50 plants of the third generation were used for phenotyping and genotyping. Flowering time was scored by counting the number of rosette leaves at the moment the infloresce1nce reached a length of 1 cm. Before the statistical analysis, flowering time scores of wild-type plants were removed from the segregating populations using PCR-based genotyping. Hence, only results of true overexpression lines were included in the analysis. For lily LlFT, two homozygous transgenic Arabidopsis lines of the third generation were selected and 30-50 plants were used for phenotyping and genotyping. For all statistical testing, the standard deviation was calculated with the function STDEV in excel.
Total RNA extraction and cDNA synthesis Tulip RNA was extracted as described in the study of MorenoPachon and colleagues (2016) . A total amount of 500 ng was used for first-strand cDNA synthesis using M-MuLV reverse transcriptase (Thermo Scientific). All reactions were performed in a Bio-rad MyCycler (Bio-rad).
For lily, total RNA was extracted using the Aurum Total RNA Mini kit (Bio-Rad Laboratories), which included a DNase treatment. cDNA was produced with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Reactions were performed in a DNA Engine Õ (PTC-200) Peltier Thermal cycle (MJ Research, Inc.).
Identification of PEBP genes
The tulip PEBP gene sequences were identified from the published transcriptome data using protein BLAST in the Tulipa and Lilium transcriptome browser (Moreno-Pachon et al. 2016) . Complete sequences, as well as the PEBP domain only, of all six PEBP family genes of Arabidopsis (AT1G65480, AT1G18100, AT4G20370, AT5G62040, AT5G03840 and AT2G27550) were used as query for this BLAST search. Identified sequences were submitted to GenBank and the following accession numbers were obtained: TgFT1 (MG121853), TgFT2 (MG121854) and TgFT3 (MG121855). The lily PEBP gene sequence, LlFT, was obtained from a lily transcriptome and blasted against the UniProtKB database, as described in Villacorta-Martin et al. (2015) . This sequence was given the GenBank accession number MG121856.
Phylogenetic analysis of the FT-like proteins in bulbous species
A maximum likelihood tree was constructed with MEGA 5.1 (Tamura et al. 2011) to investigate the phylogenetic relationship of the PEBP family proteins identified in tulip and lily. The alignment for the phylogenetic tree was performed with CLUSTALW default settings. The amino acid sequences of the bulbous species Allium cepa (AGZ20207, AGZ20208, AGZ20209, AGZ20210, AGZ20211 and AGZ20212), Allium sativum, Crocus sativus (ACX53295.1), Narcissus tazetta (AFS50164.1), Tulipa gesneriana, Lillium longiflorum and of other species, including Arabidopsis (AT1G65480, AT4G20370, AT5G03840 and AT2G27550), Oryza sativa (BAO0348.1 and BAO03215.1), Zea mays (NP_0011062471.1, ABX11014.1, ABX11016.1, ABX11017.1 and ACG45277.1), Beta vulgaris (ADM92608.1 and ADM92609.1), Hordeum vulgare (ABD75336.2, ABD75337.1, ABB99414.1, ABV59396.1 and ABF85670.1), Malus domestica (AB16112.1, FJ555224.1, NM_001293958.1), Solanum tuberosum (NP_001307981.1, AY186735 and AY186737) and Populus trichocarpa (POPTR_008s07730.1 and POPTR_0010s18680.1) were included in this analysis. Putative PEBP sequences (AsFT1-AsFT7, AsTFL1-1 and AsTFL1-2) of A. sativum were identified in the data of Kamenetsky et al. (2015) by an assembly of the raw data with Trinity (Haas et al. 2013) . The other Lilium FT-like sequences LiFTL1 (accession No. MG121858), LiFTL2 (accession No. MG121857) and LiFTL3 (accession No. MG121859) were identified in a data set produced by Dr. P. Arens internally available at Wageningen University. For the construction of the maximum likelihood tree, the WAG model was used as the substitution model and 500 bootstraps were generated to validate the relationship between sequences. In addition, the setting 'gaps/missing data treatment' was changed into partial deletion with 95% as the site coverage cut-off. For the substitution analysis, an alignment was built in Geneious version 8.1.8. using the ClustalW settings. All known bulbous PEBP sequences and the Arabidopsis and rice PEBP domain-containing protein sequences were used in this alignment.
Construction and generation of overexpression lines in Arabidopsis thaliana
The three PEBP genes of tulip were amplified from cDNA by PCR with the primers TgFT1 (forward 5 0 -ATGAGTAGAGAAAG GGATCC-3 0 and reverse 5 0 -TCACGGGTACAGGCGCC-3 0 ), TgFT2 (forward 5 0 -ATGGAGAACAGCAGTGATCC-3 0 and reverse 5 0 -TCAAGGGTACATCCTCCGG-3 0 ) and TgFT3 (forward 5 0 -ATGTCCTCGATCCGTTCG-3 0 and reverse 5 0 -TCAGCTTGTC TTAGAACCTT-3 0 ). The L. longiflorum LlFT gene was amplified from cDNA, with the following primers, 5 0 -ACTAGTATGAATA TGCGAAGGAGCTC-3 0 , forward and 5 0 -GAATTCTCAGGTTGT TGGTAGCCTTC-3 0 , reverse, including restriction sites for SpeI and EcoRI, respectively. The PCR fragments of the PEBP genes from tulip were cloned in the Gateway overexpression vector pGD625 described by Folter and colleagues (2006) , while the LlFT amplicon was cloned into the pCAMBIA23R plasmid (http://www.cambia.org/daisy/cambia/585.html). The LlFT coding sequence was amplified using the primers 5 0 -TTGTGG TACCATGAATATGCGAAGGAGCTCCGG-3 0 (forward) and 5 0 -TTGTTCTAGATCAGGTTGTTGGTAGCCTTCTT-3 0 (reverse). Both plasmids carry the nptII gene for kanamycin resistance in plants for future selection of positive transformants. The pGD625 constructs containing the tulip PEBP family genes were transformed into Agrobacterium tumefaciens AGL0. The LlFT overexpression construct was introduced into A. tumefaciens strain EHA105. Both constructs were transformed into Arabidopsis Col-0 using the floral dip method (Clough and Bent 1998) .
Construction of the substitution lines
The gene sequence of TgFT2 and TgFT3, including two substitutions and Gateway compatible att-cloning sites, were synthesized by Genscript. In the substitution line of TgFT2, the codon of leucine at position 128 was substituted for the glutamic acid codon of TgFT3 and the codon of glutamine at position 140 was substituted for the proline codon of TgFT3. The substitutions made in TgFT3 were opposite to those made in TgFT2. The synthesized genes were delivered in the pUC57 plasmid. Before the BP reaction with pDONR207, the plasmid was linearized using HindIII. Also here the vector pGD625 was used for overexpression of the TgFT2 and TgFT3 substitutions [35S:TgFT2(L128E/Q140P) and 35S:TgFT3(E125L/P137Q)] in Arabidopsis as described in construction of overexpression lines in Arabidopsis.
Prediction of protein structure
The structure of the tulip PEBP family proteins was modeled using Modeller version 9.16. The protein structure available in the Protein Data Bank with the highest similarity to the tulip PEBP family proteins is the rice FT protein Hd3a with identifier 3axy (Taoka et al. 2011) . Sequence identity amounted in 73% for TgFT2 and 58% for TgFT3, implying its suitability as a template for homology modeling. One thousand structure models were generated for TgFT2 and for TgFT3 using the standard auto-model approach in Modeller. Based on the objective score, the best model was selected.
Generation and growth of L. longiflorum transgenic plants
Lily plants were transformed with the same plasmid and A. tumefasciens strain as Arabidopsis (see above), using the method described in Núñez de Cáceres et al. (2011) . Transformation was validated in resistant bulblets using the specific primers 5 0 -GAGGCTATTCGGCTATGACT-3 0 forward, and 5 0 -AATCTCGTGATGGCAGGTTG-3 0 reverse, within the nptII gene for RT-PCR amplification from lily cDNA. PCR conditions were 95 C, 5 min followed by 40 cycles of (i) 95 C, 1 min; (ii) 54 C, 1 min; and (iii) 75 C, 3 min; 75 C, 10 min. Transgenic and non-transgenic lily bulbs from tissue culture were potted into soil mixture and transferred to the controlled greenhouse described in the 'Plant materials and growth conditions' section, under SD conditions. In order to avoid unwanted effects derived from in vitro regeneration, scales were detached from the bulbs and transferred into new pots for production of plants used in flowering time experiments.
Real-time PCR for expression analysis
Real-time PCRs for tulip were performed in a total volume of 20 ml containing 10 ml of iQ SYBR Green Supermix (Bio-rad), 5 ml of each forward and reverse primer (0.05 mM) and 5 ml of a 1 : 15 dilution of the cDNA reaction mixture as template. Reactions were performed on a CFX Connect real-time PCR detection system (Bio-rad) with an initial 3 min denaturation at 95 C followed by 40 cycles of 95 C for 10 s and 60 C for 30 s for the amplification. Final steps used for elongation were 95 C for 1 min, 55 C for 10 s and 95 C for 30 s followed by a melt curve determination. Relative expression levels were calculated by the ÁÁCt method (Livak and Schmittgen 2001) with TgEF1 and TgACT as reference genes.
In lily, gene expression was determined using the 7300 RealTime PCR System (Applied Biosystems) and primers were designed by Primer-Express (Version 2.0, Applied Biosystems). Amplicon lengths were between 80 and 85 bp. Each reaction involved 100 ng of cDNA, 10 ml of Power SYBR Green PCR MasterMix (Applied Biosystems), 500 nM of each primer for the tested gene and 700 nM for the reference gene UBQ. The real-time program was as follows: 50 C for 2 min, 95 C for 10 min, then 40 cycles of 95 C for 15 s and 60 C for 1 min each, and a dissociation stage of 95 C for 15 s, 60 C for 1 min and 95 C for 15 s. RNA relative quantification was performed using the 7300 System SDS software (Applied Biosystems). Alternatively, gene expression was determined by highthroughput quantitative PCR using the BioMark For all expression analyses, calculations were based on three technical replicates and three biological replicates. Only the lily samples analyzed by high-throughput qPCR included two technical replicates.
Yeast two-hybrid assay
The protein-protein interaction capacity of the various PEBP family proteins from tulip and lily was determined by a yeast two-hybrid assay as described by Folter and Immink (2011) . Auto-activation was determined for all bait vectors used in this study, and only TgFT1 showed very mild auto-activation, not interfering with the final protein-protein interaction screening ( Supplementary Fig. S5 ).
Supplementary data
Supplementary data are available at PCP online. 
